Abstract
Introduction
Wind turbines mounted on towers that approach 100 m in height operate in atmospheric boundary layers with different turbulence generation mechanisms than those that occur closer to the ground. Atmospheric phenomena in the stable boundary layer, such as low-level jets, gravity waves, and Kelvin-Helmholtz instabilities, can generate coherent turbulence. This turbulence may contribute to large blade load excursions that are not explained with current industry turbulence models [1, 2] . Attempts to correlate Reynolds stress fields with wind turbine blade loads [3, 4] imply that vorticity in the flow field adversely affects wind turbine operation.
We incorporated a simple, Rankine, vortex model into the aerodynamics code AeroDyn [5] to isolate the aerodynamic response of a wind turbine to a vortex in the inflow. AeroDyn provides aerodynamic loads to structural codes such as SymDyn [6, 7] . The vortex parameters were varied systematically, and the blade root flap bending moment that resulted from vortex passage was obtained. The study established the size, circulation strength, plane of rotation, and orientation of vortices that cause large cyclic blade loads that contribute to fatigue damage [4] . The ability to incorporate active control algorithms that counter the adverse effects of the vortex/wind turbine interaction will extend blade fatigue life and increase turbine reliability.
We identified specific restrictions to determine whether advanced control can be applied successfully to the wind turbine/vortex interaction problem. The control design studies were performed on a threeblade, variable-speed wind turbine. This restricts the study to the vortex/wind turbine interaction because any commercial two-blade wind turbine would have a teetered rotor, which complicates the dynamic response. The control study was also restricted to Region 3 operation-the simplest regime in which to design control algorithms. This operating regime occurs at above-rated wind speeds, where the primary control objective is to regulate rotor speed to maintain rated power.
Disturbance accommodating control (DAC) methods are suitable for wind turbine applications because the wind is a persistent disturbance to the system. This work explores the disturbance model part of a DAC controller with the intent of commanding full-span blade pitch to mitigate blade root flap bending moments induced by passage of a coherent vortex while maintaining constant speed regulation.
Simulation Parameters
We selected a "test vortex" based on the results of the vortex parameter variation study to test all control designs [4] . A vortex rotating in the XZ plane and centered at the hub height produces the most significant flap bending moment amplitude variation ( Figure 1 ). Because the vortex orientation caused little response difference, we restricted the control study to a counterclockwise vortex orientation. Vortex radius and circulation strength corresponded to significantbut not extreme-blade load response. The resulting vortex had a radius of 10.7 m, circulation strength of -577 m 2 /s, and convection speed of 18 m/s. Simulations represented 55 seconds, and the vortex center passed through the rotor at 45 seconds. The first 20 seconds of simulation were neglected to exclude start-up transients. The SymDyn code [6, 7] was used exclusively for the control design.
FIGURE 1. VORTEX ROTATING COUNTERCLOCKWISE IN THE XZ PLANE AND CENTERED AT HUB HEIGHT
The wind turbine simulation represented a typical 750-kW, 46-m diameter, variable-speed, three-blade turbine based on an early iteration of the WindPACT rotor design study [8] . A baseline controller designed with commonly accepted tools was required for comparison to advanced control designs. The industry standard wind turbine controller uses proportionalintegral-derivative (PID) algorithms.
In above-rated wind speeds, the control objective is to maintain constant power by regulating rotor speed. The generator torque is held constant. The rotor speed is permitted to deviate slightly from the rated speed of 26.64 rpm. For this three-blade turbine, a range of ±3% was sufficient. The baseline controller is a proportional-integral (PI) controller based on a design for NREL's Controls Advanced Research Turbine (CART) [9] , a two-blade, 600-kW wind turbine located at NREL's National Wind Technology Center near Boulder, Colorado. We input a series of step changes in wind speed to the three-blade turbine simulation, and recorded the rotor speed and pitch actuation. Beginning with the gains for the CART, we adjusted these gains to achieve similar speed regulation and actuator demand between the two simulation models for step changes in wind speed.
The wind turbine response to the test vortex under PI control is shown in Figure 2 . Figure 3 is a schematic of the wind turbine simulation with the PI controller. The test vortex serves as the wind input. Servo-electric motors provide actuation for the blade pitch based on a commanded pitch angle.
The blade flap angles indicate significant motion associated with vortex passage. The wind force that results in blade root flap bending moment also causes blade flap angle deflection. The PI controller commands collective pitch angles. This means that each blade is pitched the same amount and in the same direction as the vortex passes. Figure 2 presents the baseline response to which all DAC designs are compared.
3 Disturbance Accommodating Control Implementation
General DAC Implementation
The first requirement for design of a DAC algorithm is a linear model of the plant, or in this case, the wind turbine. The highly nonlinear equations of motion are linearized by perturbing each state and each input about an operating point. In this study, the operating point was specified to be a uniform wind speed of 18 m/s; the u velocity component is 18 m/s, and the w velocity component is 0 m/s. The linear equations of motion are transformed into a first-order state-space form for control design. The linear parameters (A, B, B D ) are periodic; the period is equal to the time required for one rotor revolution. These parameters are computed for several azimuth angle positions and then averaged over the equivalent of one rotor revolution. This method was developed by Stol [7] . 
FIGURE 2. WIND TURBINE RESPONSE TO TEST VORTEX WITH PI CONTROLLER
The linear model includes 4 degrees of freedom: rotor rotation, and blade flap for each of three blades. Because the drive-train torsion degree of freedom is not modeled, the generator speed is proportional to the rotor speed by the gear ratio of the gearbox. Thus, rotor speed and generator speed are used interchangeably in this text. The linear plant model is presented in Equations (1) and (2), where control inputs, u , are dimension M = 3 (three pitchable blades); plant outputs, y , are dimension P = 4 (generator speed and 3 blade flap angles); and states,
The number of disturbance inputs, u D , is 5 or 60, depending on the disturbance generator model chosen. Figure 4 shows a schematic of a general DAC design built around a linear plant model.
Disturbance Waveform Generator
The wind is modeled as a persistent disturbance of known waveform but unknown amplitude [10, 11] .
The matrices F and Θ are selected to represent the waveform approximation of the disturbance that enters the linear system. The initial condition, z D , is not known. For instance, a step disturbance, which is an adequate approximation of uniform wind speed for wind turbine controllers [7, 9, 11] , is modeled with F = 0 and Θ = 1.
Composite (Plant/Disturbance) State Estimator
Because the wind disturbance inputs cannot be directly measured, the disturbance states are estimated from the plant outputs by augmenting the usual plant state estimator with a disturbance estimator that uses feedback correction from the plant output error. The estimator error, defined as the difference between the state and the state estimate, is minimized by the selection of gains. If the augmented state matrix and the augmented output matrix are observable, the gains, K X and K D , can be chosen through arbitrary pole placement to ensure exponential decay of the error between the states and the state estimates, as well as the error between the disturbance and the disturbance estimate. 
FIGURE 5. SCHEMATIC OF FSFB CONTROLLER USING 10-ELEMENT DISTURBANCE MODEL IN SIMULINK ENVIRONMENT
In summary, the linear plant model is used to create a plant state estimator. A disturbance generator model that defines F and Θ is developed to simulate the waveform of the wind input to the wind turbine. This disturbance generator is used to create a disturbance state estimator, which is appended to the plant state estimator. If the augmented state and output matrices are observable, the gains, K X and K D , are selected to dissipate the error between the state and the state estimate. If the linear plant model is controllable, the gain, G X , is selected to provide desired transient behavior of the plant states. The realizable control law results in desirable transient stability of the closed loop system. The disturbance gain, G D , is selected to minimize the effect the disturbance introduces to the system. The disturbance is thus "accommodated" through the control design.
Performance Assessment Criteria
The state and estimator gains are selected using a linear quadratic regulator (LQR) as implemented in MATLAB™ [12] . This formulation seeks a solution to the algebraic Riccati equation [12] to minimize a cost function.
The cost function, J, has no physical significance, but it permits a solution that balances state regulation with input amplitude. For instance, a wind turbine control system balances rotor speed regulation with pitch actuator demand. Using an LQR to design state feedback and estimator feedback gains is especially useful when multiple states are modeled. Blade root flap bending moments are the most commonly used measure of blade loads associated with the force imparted by the wind (blade root edge bending moments are governed by the inertial and gravitational load fluctuations). We used the damage equivalent fatigue load [4] to compare wind turbine simulation response with different control algorithms. Because the damage equivalent load is dominated by the largest cyclic amplitude, we also examined the range of flap bending moment over the simulation.
The metrics used to evaluate control designs included actuator demand, speed regulation, and load mitigation. The blade pitch actuator peak rate and peak acceleration were limited to 18°/s and 150°/s 2 , respectively. The root-mean-square (RMS) of rotor speed error was minimized, and the peak rotor speed was restricted to 3% of the rated speed. The blade root flap bending moment range and damage equivalent fatigue load were minimized. The tables comparing performance of controllers (2-4) include the maximum equivalent fatigue load of the three blades and the bending moment range for each of the three blades.
DAC Designs Ten-Blade Element Disturbance Model
The wind turbine simulation code uses blade element momentum theory to compute the aerodynamic loads that the wind imparts to the blade. This assumes each blade can be subdivided into elements along the span. We computed the aerodynamic load for each element with the velocity components computed at the blade element. We used 10 blade elements along the span of each blade to capture the details of the vortex as a disturbance model for control design. The disturbance model assumed a u and w velocity component step change at each of these 10 elements for each of the three blades, for a disturbance model that consisted of 60 inputs. For the step change disturbance, F = 0 and Θ = 1. For the 60 inputs, these matrices are 60 rows by 60 columns, where F is populated with zeros and Θ is the identity matrix of dimension 60. We perturbed each of the 60 disturbance inputs independently to create the wind input matrix, B D . The operating point was defined to be a uniform wind of 18 m/s. In other words, the u velocity component was perturbed to 18. [12] .
We used LQR to determine the state gain, G X . Initially, we input step changes in wind speed to the simulation and adjusted the weightings on the diagonal entries in Q associated with the rotor states until the speed regulation and pitch actuation were similar to those of the PI controller. Next, we adjusted the blade state gains by adding weight in the Q matrix to reduce the blade cyclic loading and fatigue equivalent load that resulted from the step change wind input. Table 1 compares the open and closed loop poles. The first two entries are associated with the rotor state; the last six with the blade states. The addition of damping through feedback reduces the flap deflection. The next step was to design a state estimator for the system by augmenting the turbine states with the disturbance states. The observability condition on the composite state/disturbance estimator is not met with this 60-input disturbance model. However, creating a full-state feedback (FSFB) controller with this disturbance model yields the best-case scenario. This assumes that each state in the turbine and disturbance models is a known quantity. We used the test vortex as wind input and output the u and w time-varying velocity components associated with each blade element from the simulation as a text file. This file was then read into the controller simulation to result in known disturbance input. Figure 5 is a diagram of this FSFB control system. Table 2 compares the simulated turbine response to the test vortex with FSFB of the 10-element disturbance model and the response with the PI controller. The blade fatigue equivalent load might be reduced as much as 30% if the disturbance model incorporates enough detail of the vortex in the inflow. Each blade's cyclic amplitude may also be reduced more than 30%. The FSFB controller exceeds the pitch actuator rate and acceleration limits. FSFB causes the pitch input to constantly adjust because new disturbance information is presented. There is no settling time as there is with limited or no input. Figure 6 shows the wind turbine time-series response to the test vortex. The flap angle deflection is reduced compared to that corresponding to the PI controller in Figure 2 . This contributes to blade flap damage equivalent load reduction. Also, the blade pitch angles are commanded independently in response to the velocity conditions associated with the vortex at each blade position. incorporates a step change in uniform wind along with a sinusoidal variation that represents the vertical shear profile. As the vortex passes through the rotor, a vertical shear is induced by the u velocity components at the top and bottom of the rotor. The vortex also induces a w velocity component that is not associated with vertical shear. Figure 7 shows the time-series traces of both the u and w velocity components at the tip of each blade that result from passage of the test vortex. profiles. This term is expanded in a binomial series; the higher order terms are neglected; and the substitution, z g = r cos Ψ 1 , is made. The amplitude of the sinusoid, A D , is assumed to be unknown.
TABLE 2. COMPARISON OF PI CONTROLLER AND FSFB OF 10-ELEMENT DISTURBANCE MODEL CONTROLLER PERFORMANCE FOR TEST VORTEX (RFB = root flap bending moment)
In this disturbance model, the uniform wind is modeled as a step change. The vertical shear is modeled as a sinusoidal variation as a function of blade azimuth angle. The three blades are each 120º out of phase with each other. This phase difference is incorporated in the disturbance model by associating the wind perturbation on each blade with the azimuth 10 angle of Blade 1. Three disturbance inputs that comprise five disturbance states are created from the combination of uniform step and sinusoidal variations. The complete disturbance model that incorporates all three disturbance inputs is: We determined the state gains, G X , with LQR. The rotor state weights used with the FSFB controller achieved speed regulation performance similar to that of the PI controller. Only rotor states were weighted because the disturbance to be accommodated affects the blade flap angle states. A state estimator was constructed. Because the augmented state and output matrices are observable when measuring the three blade flap angles and the rotor speed, we selected the estimator gains, K X and K D , with LQR.
We compared a simulation of the wind turbine response to passage of the test vortex with this DAC controller (DAC HH+VSHR) to the response using the PI controller. Table 3 includes this comparison along with a comparison for the example of full-field turbulence (generated using SNWind [13] ) and the example of the test vortex superimposed on the fullfield turbulence [4] . The time-series response of the turbine to the vortex is presented in Figure 8 .
Compared to the PI controller, the DAC design that includes uniform wind and vertical shear variation mitigates the blade flap equivalent load by 9%. This margin is increased to 21% when turbulence is added. Figure 8 illustrates the independent blade pitch angle commanded by the controller. The pitch angle commands are 120º out of phase, as desired. Comparison with Figure 2 illustrates the flap angle reduction that causes the blade damage equivalent load reduction. The pitch rate limitation of 18°/s is exceeded in the examples including the vortex. Actual implementation of the controller would not permit this rate, which may result in slightly reduced blade response.
The blade flap states and state estimates are shown in Figure 9 . The estimates follow the trend of the state, as desired. Figure 10 illustrates the estimated uniform wind speed, which remains at 18 m/s. The estimated rotor speed and the actual rotor speed, also shown in Figure 10 , are very similar. This is expected because the rotor speed is a measurement input to the controller. Figure 11 shows the estimated sinusoidal variation in wind speed associated with the vertical shear profile. The wind speed associated with each blade tip is shown for comparison. The test vortex convects with a uniform wind (i.e., there is no vertical shear other than that induced by the vortex). However, the disturbance estimates predict fluctuations that follow the trend of the velocity fluctuations associated with the vortex. Vertical shear is an adequate approximation of vortex passage, but it does not include the details of the vortex. 
FIGURE 9. BLADE STATES AND STATE ESTIMATES FOR DAC HH+VSHR CONTROLLER

FIGURE 10. WIND SPEED ESTIMATE, ROTOR SPEED, AND ROTOR SPEED ESTIMATE FOR DAC HH+VSHR CONTROLLER
Robustness of DAC HH+VSHR Controller
We created two additional full field turbulence files to determine the range of conditions under which the DAC design outperforms the PI controller, and we superimposed the same test vortex on each. The comparison is presented in Table 4 . In the three randomly generated full-field turbulence files, the DAC controller mitigated the blade flap equivalent load by 12% to 29%. This wide range in mitigation levels may be further explored by generating numerous turbulence cases with randomly generated seeds. However, the result indicates that this application of the DAC controller mitigates the blade loads induced by vortex passage and the effects of turbulence to some degree. We then adjusted the vortex parameters to determine the robustness of the DAC controller's response to parameter variation. We input five vortex configurations, all with a mean convection speed of 18 m/s, to the simulation. Again, the DAC controller mitigates blade loads compared to the PI controller for all conditions. The margin decreases as the vortex radius decreases, and it remains relatively constant as circulation increases. The maximum pitch rate exceeds the prescribed limit in most cases, and the maximum pitch acceleration is exceeded in two cases.
When the vortex center height is increased from the hub height to the top of the rotor, the load variation that results from the vortex decreases substantially. The DAC controller mitigates the blade loads compared to the PI controller for each selected height. The margin decreases as the vortex center is raised, but the load magnitude decreases in general. 
Additional Considerations before Field Implementation
Because the speed regulation is quite similar between the PI and the DAC controllers, power production should be essentially equivalent. However, several issues must be addressed before the DAC controller is implemented in the field. For instance, the actuator's physical limitations, i.e., pitch rate and acceleration restrictions, may reduce the margin of improvement somewhat. Modes that were not modeled in the control design, such as drive-train torsion and tower fore-aft bending, will almost certainly become unstable when included. However, Wright [9] demonstrated that these modes could be stabilized with state-space-based control design methods.
Conclusions
A baseline PI controller was designed for a threeblade turbine model to perform similarly to the PI controller implemented in the two-blade CART field experiment. All subsequent DAC designs were compared to this baseline controller. Multiple performance metrics were used to evaluate controller performance. The peak rotor speed, RMS of rotor speed error, pitch actuation rate and acceleration, blade root flap bending moment range, and damage equivalent load were all assessed as important criteria for controller performance. Several DAC designs were presented. Initially a disturbance model that included both u and w velocity components for 10 elements on each blade, which resulted in 60 disturbance inputs, was created. An estimator could not be designed because the augmented system was not observable. However, implementation of this design as an FSFB controller indicated that blade load range and damage equivalent load could be reduced as much as 30%. This was accomplished by commanding independent blade pitch angles in relation to the vortex velocity field. A DAC design that incorporated a uniform wind disturbance and two sinusoidal disturbances that approximated the azimuthally varying effect of vertical shear provided 9% damage equivalent load reduction when the vortex was input to the simulation.
This DAC design reduced the damage equivalent load even more over the PI controller when the vortex was superimposed on turbulent wind. The controller appears robust when the vortex radius and circulation strength are varied because the DAC produces lower blade damage equivalent loads than the PI controller. As the vortex is raised from hub height to the top of the rotor, the magnitude of the blade loads is reduced, as is the margin of load reduction achieved by the DAC over the PI controller.
The blade load conditions that lead to increased fatigue damage caused by vortex passage are mitigated by implementing a DAC controller. The disturbance is modeled as a uniform wind and an azimuthally varying vertical shear. Implementing FSFB of a disturbance model that incorporates velocity changes at multiple points along the blade span indicates that even greater blade load mitigation is possible. 
Nomenclature
